Abstract | Multicellular organisms must evolve mechanisms to suppress cancer formation prior to reproduction, and we propose that the organizational structure of normal epithelium is one such strategy. Understanding evolved host cancer suppression mechanisms is essential to defining the first steps of carcinogenesis and developing rational cancer prevention strategies.
The human body plays with evolutionary fire.
Normal function requires large, continuously renewing cellular populations, but every cell division risks the initiation of evolutionary events leading to a fatal malignancy. Cancer is, therefore, both a price of multicellularity and a potent selection force in the evolution of multicellular organisms.
Carcinogenesis is recognized as 'somatic evolution' , but in this context it is actually two competing evolutionary processes: potential cancer-forming cells evolving with adaptations to overcome the tumour suppression mechanisms of the host organism; and the organism evolving strategies to reduce the probability of death from cancer prior to and during reproductive maturity 1 . At first glance, this seems an uneven contest. Whereas organisms can contribute successful cancer-prevention strategies to subsequent generations, each cancer must 'reinvent the wheel' as its evolutionary products die with the host. However, these Darwinian processes are deeply interconnected, as each cancer cell has at its disposal the full complement, complexity and adaptability of the host genome. Therefore, the genomic information and plasticity of ever-more complex multicellular organisms also increases the range of phenotypes and adaptive strategies available to evolving cancers that originate from that organism's cells.
Clearly, epithelial surfaces present great cancer risks. The colon mucosa, for example, consists of perhaps 10 11 continuously renewing cells adjacent to a lumen that provides a vast potential space for population expansion and is subjected to a wide range of environmental perturbations 2 . Given this enormous evolutionary opportunity, the prevalence of colon cancer actually seems astonishingly low.
Therefore, it seems safe to assume that the colon has evolved to both contribute to an individual's fitness and suppress cancers that could prevent that individual from reproducing. Consider the repeating unit that forms the building block of the colon -the crypt 3 . Within each crypt is a large population of differentiated cells with little or no proliferative capacity that are constantly renewed by pluripotent, tightly regulated stem cells confined to a small niche (FIG. 1) . Of particular evolutionary interest is that normal crypt function requires cells to move from the site of proliferation to the site of differentiated function -a property that is shared by many epithelial tissues. We propose that this organizational structure evolved as a crucial cancer prevention strategy because the movement from the stem cell niche to the basement membrane exposes the cells to two entirely different microenvironments and so adaptive landscapes. The net effect is to impose a requirement for two rather than one heritable change to begin evolution towards a colon cancer. For example, a stem cell mutation that allows its differentiated daughter cells to crowd together on the basement membrane might produce a large, disordered population in the crypt. However, this mutation will not, by itself, produce a cancer because it does not alter the proliferation of stem cells within their niche. That is, the mutation is not rewarded by increased proliferation of the stem cell line that initiated the population.
Similarly, a mutation that increases the proliferation of a stem cell will not form a cancer because the mutation confers increased fitness only in the distinct environment of the niche. If the mutant cells enter the basement membrane, they are subject to growth constraints to which they are not adapted. In the absence of proliferation in the crypt, this population cannot achieve a size necessary for further evolution.
Therefore, we propose that the first step of colon carcinogenesis is actually two steps -a stem-like cell capable of proliferation must move out of its niche onto the basement membrane, and it must possess a mutation Nature Reviews | Cancer that allows continued proliferation despite membrane growth constraints. This continued proliferation is consistent with the observation that mutations in growth inhibitory pathways are among the first events in carcinogenesis as they result in the increased proliferation of cells in the crypt. However, an equally important first event is a heritable change that allows the stem-like cell's daughter cells to move onto the basement membrane while retaining an immature, proliferative phenotype (a kind of cellular neoteny). Note that similar results can be obtained by the failure of the tissue control mechanism owing to senescence or chronic inflammation that, for example, produce loss-of-function mutations in the crypt myoepithelial cells, which exert considerable control on the reproduction and movement of stem cells. Therefore, a first genetic step in carcinogenesis may actually occur in host mesenchymal cells only.
In summary, the physical separation of stem cells and differentiated cells imposes a requirement for two independent heritable events, thus reducing the probability of cancer initiation prior to the host's reproductive age. Further research to elucidate evolved host cancer defences will provide insights into both the necessary adaptations required for carcinogenesis and rationally designed prevention strategies. we propose that the first step of colon carcinogenesis is actually two steps
